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C' 

SUMMARY 

The program under the referenced contract is devoted to a study of the 
dynamics of internal systems in the mammal, understanding of the human sys- 
tem being always the ultimate objective. One of the basic internal systems 
of interest is the cardiovascular system and its dynamic regulation. In 
earlier reports under this contract, a variety of cardiovascular topics have 
been discussed. They have all tended to return attention to a primary focal 
problem: "In a quantitative sense, what is the average anatomy, geometry, 
and topology of the vascular system?" This report provides an updated ver- 
sion for H. Green's tabulation of arterial parameters (1). It is based on 
more data than the earlier table. 

The-table is shown to be consistent, in its geometric properties, with 
the DC resistance characteristics of the arterial bed, and the internal vol- 
ume available to blood. 
discussion of many cardiovascular topics. Two are very briefly illustrated. 

Such a table should be quite useful for beginning 

One important application of the internal geometry of the arterial sys- 
tem is in the development of transmission dynamics of pulsatile (AC) flow. 
The connection of the DC characteristics to an earlier treatment of the AC 
characteristics (14) is sketched. 

A second important application of the resistance properties of the 
arterial system is to characterize the actual clinically observed system in 
both normal and pathological operation and, ultimately, to determine the de- 
tailed nature of pathological deformation. In spite of a considerable clini- 
cal variation in resistance, some data (22) are assembled to indicate that 
the homeostatic regulation of the normal system in quiescent operation, as 
seen by the heart, appears to be at a constant mechanical power level. 
Hypertensives, as a pathological deformation, appear to require higher power 
levels. 

Future reports in the cardiovascular system from this program will 
depend on reading equally valid vantage points. 
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INTRODUCTION TO THE RELATION BETWEEN 
THE DC AND AC CHARACTERISTICS 

A complete technical description of the cardiovascular system involves 
its physics - general anatomy and geometry of the arterial tree, mean pres- 
sure and flow relations, transmission line theory, pulsatile flow, flow 
characteristics of the microcirculation; physiological-physics - arterial 
control functions of the heart, determinants of stroke volume and heart rate, 
characteristics of the independent circulations, chemo-electric exchanges in 
the capillary (i.e., exchange of metabolites and electrolytes), electro- 
physiological control; medical aspects - preventive maintenance, diagnosis, 
management, and repair. 

To provide a physical foundation for such a technical description, 
this report treats three topics that relate to the physics of the arterial 
system and touches on the actual regulated state of the terminal resistance 
system that is found in clinical observation. The three topics are the 
quantitative anatomy, geometry and topology of the arterial system; the 
calculation of average peripheral resistance; and some introductory remarks 
to the pulsatile flow characteristics of the system. 

The anatomy of the human arterial tree is pictured in atlasses - 
typically, Gray, Morris, Grant, Cunningham, Adachi. However, references with 
quantitative data are quite sparse. Most sources (e.g., (23) or ( 2 4 ) )  refer- 
ence Green (l), who based his arterial model on Mall's (2) 1887 measurements 
of branch sizes and numbers in the mesenteric artery of a 6 kg dog. Green's 
table is shown as Table 1. 

An elementary physical model which may serve as a background for this 
table is an elongated central chamber, the aorta, representing a storage 
chamber for blood, whose elastic walls provide sufficient tension to support 
a high central pressure; a peristaltic heart pump, capable of producing 
pulses of flow against the high central back pressure, whose stroke volume 
and rate are jointly modified by regulatory action to provide a fairly con- 
stant mean pressure and saturated oxygen tension for the blood in the aorta. 
Physically, the heart pump may be regarded essentially as a constant pressure 
source (100 mu Hg). Its pulsatile nature (80-120 nun Hg) is analogous to a 
fluctuating DC voltage generator. 

Starting from the single aorta, the arterial tree branches and distri- 
butes blood to the order of a billion capillary subscribers to the central 
service. They are served by two major system parameters, a high central pres- 
sure for mechanical purposes, and a high oxygen tension for chemical purposes. 

3 
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The capillary subscribers are not fixed in number. There is a dynamic 
twinkling, both in the local microcirculation and the systemic circulations 
(i.e., the capillaries open and close, in time), knowledge of which dates back 
at least to Krogh (THE ANATOMY AND PHYSIOLOGY OF CAPILLARIES). In a study of 
temperature regulation (13) a spectrum of effects was uncovered in the ener- 
getics of the whole body system, with large amplitude metabolic cycles demon- 
strating periods of the order of 100 seconds, 400 seconds, 1500 seconds, 
5000 seconds, and 12,000 seconds. It was hypothesized and it is in process 
of demonstration that the 100-second cycle represents local dynamics in the 
microcirculation (at the level of the capillaries) while the 400-second cycle 
indicates vasomotor dynamics of the blood flow among several of the systemic 
circulations (at the level of the arterioles). Thus, subject to these dynam- 
ics, the acting resistance bed, especially the capillary bed, is really rep- 
resented by an average geometry that conforms to particular operative states 
of the entire animal. 

A dominant anatomical impression appears to be a subdivision into levels, 

McDonald (3) 
approximately associated with size; and a reduction in average blood velocity 
or proiiferation in area as one descends from aorta to capillary. 
states that the velocity in a branch is regarded as having perhaps 0.8 of the 
velocity in the parent trunk. Rushmer (4) portrays a common view, that the 
mean velocity drops from a value in the tens of cm/sec in the aorta to a few 
hundredths of a cm/sec in the capillaries. 
implies proliferation in the cross-sectional area. 
indicates in his table. 

Physically, diminution in velocity 
All of this is what Green 

Such gross facts - the number of tubes from anatomical casts, geometric 
subdivision of tubes into levels, proliferation of cross-section indicated by 
the association of velocity with level, pressure or pressure drop at various 
levels - appear to be available experimentally, and are generally regarded as 
adequate description of anatomical and hemotological characteristics. They 
do not furnish a satisfactory description for many substantial physical ques- 
tions, particularly when quantitative modelling is required. The following 
pulsating (AC) flow problem is sketchily drawn as an illustration. (A second 
problem, the actual operative system resistance, clinically found, is discussed 
at the end.) 

1. The observations indicate that the high mean pressure does not 
fall until one reaches anatomical subdivisions near the terminal levels in 
the arterial tree. The measurements in Landis (5), Rappaport, Bloch, Irwin 
( 6 ) ,  Wiederhielm (7), and Intaglietta, Zweifach (8) indicate that major drops 
in the mean pressure only take place in tubes below the 100 micron diameter 
level (1000 micron = 1 nun), with significant contribution from tubes below 
the 30 micron level. Furthermore (as a relation of length and diameter of 
vessels suggests) the length associated with these last levels is quite small, 
a few mm. Since there is a pulse velocity, there are transit times in the 
pressure pulse getting out to these levels. However, they are not large. 
Remington and Wood (9) furnished direct experimental data on the pressure 
pulse in man from the aorta extending peripherally out more than two feet into 
the radial artery. 
in time or magnitude of pulsation. 

Thus the arrival of pressure and flow are little delayed 
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2. However from the aortic 'windchamber,' or 'windkessel,' the 
terms used by Hales and by Weber for the central storage system with elastic 
walls and with remote terminal resistances, one might expect a resonant re- 
sponse, namely that the transformation of the pulse-like flow from the heart, 
into pressure, would take place with a considerable oscillatory character. 
Thus, unless a source for sufficient damping loss can be proposed, one would 
expect a highly throbbing character in the response of the aorta to the per- 
iodic pulsing. However the system response is not highly throbbing. It is 
the characteristic lub-a-dub response that is traditionally taught. An ele- 
mentary possible source of damping, visco-elastic loss  in the walls, is ruled 
out by excellent simultaneous measurements of Pate1 et a1 ( lo ) ,  which showed 
the essential in-phase nature of pressure and diameter throughout the entire 
length of the aorta. (Earlier Womersley (1957) discussed the data of Lawton.) 

3.  One can estimate the wave characteristics in the elastic wall 
(this has been known for a hundred years) from its elastic characteristics, 
the so-called Moens-Kortweg wave and, thus, the resonant frequency that might 
be associated with this wave in the aorta. It is about 4 cps and, since the 
study of Hamilton and Dow (ll), it is regarded that some evidence exists for 
near-resonant or standing waves in the dicrotic wave that appears as one goes 
down-stream in the system. 

4 .  However, since the time of Otto Frank (12), it appears clear 
that the system response (the driving point characteristic) is very nearly 
resistance-capacitative in nature. The source of this resistance must be ac- 
counted for in order to trust any further estimate of line impedances. One 
may note in Figure 1 that the flow pulse from the heart, if summed in time, 
charges up the central aortic volume, which decays as a near constant efflux 
through the many subscriber arterioles. The resultant volume change into the 
aorta forms a triangular wave. The wall elasticity transforms the net input 
volume change into pressure. Further, an earlier report (13) showed that the 
characteristic response of a pulse of flow transforming into a triangular saw- 
tooth of pressure held at every point in the arterial tree for which experi- 
mental data could be found. This is also illustrated in Figure 1. 

5. At most, the pulsatile character is a mild oscillation around 
the flow pulse and pressure saw-tooth at values near the dicrotic wave fre- 
quency. A dynamic physical analysis of the pulse wave accounting for this 
response characteristic of non-resonance but with no significant loss in mean 
pressure was presented in (14).  (An earlier study by Karreman (15) illus- 
trated, with a few lumped elements, the type of network that might lead to 
the dicrotic wave response.) 
plify the analysis, while maintaining the fundamental characteristic of no 
damping loss of the pulse with no resonant throbbing, a constant cross- 
sectional area from level to level was assumed, except at the capillary level. 
(A high mean velocity of 50 cm/sec was assumed throughout the system, dropping 
precipitously to a mean of 0.07 cm/sec in capillaries.) 
sistent with data in the physiology texts of Rushmer, Best and Taylor, and 
Guyton. 
ishing steps in diameter, were replaced by a continuous equivalent branching. 

Its general features are of interest. To sim- 

This is crudely con- 

The levels in the system, which may be viewed as a sequence of dimin- 
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This represented the system as an ever-branching, tapered tube model. One 
may then treat the wave that spreads out and reflects through such a system. 

Fortunately, this model in its mathematical details seemed to 
have the right characteristics and the apparent discrepancies fell into place. 
There is little or no damping throughout most of the system. There is little 
or no drop in mean pressure. There is the appearance of a dicrotic wave (not 
the incisura in the input pressure, which has other causality.) There is 
rational damping of the higher frequency components (of which the incisura is 
an example), yet there is no resonant throbbing. The dicrotic wave is formed 
from out-of-phase lags of the harmonic components higher than the fundamental. 
The basic ingredient from which these properties emerge, put somewhat para- 
doxically, is that while there is little damping in the outgoing or incoming 
wave, there is no reinforcing amplitude left in the returning wave. It has 
been damped at the remote terminal resistance end. The description is similar 
to Rayleigh's explanation of acoustic damping near a porous wall and, in fact, 
the model may be referred to as a tapered porous wall model of the arterial 
system. 

In subsequent discussion with research workers, various model- 
ling questions were raised involving the physics, physiology, and pathology 
of the system. To insure that the background for these questions was adequate, 
it was necessary to clarify various details about the real system. For example 
a question of the choice of mean entrance velocity and its subsequent near 
constancy indicated that projecting a model of the hemodynamic events required 
that it be as faithful as possible to all known anatomical details and based 
on the best possible model of anatomy and peripheral DC resistance. Only then 
could any pulsating or varying results be seriously considered. This report 
is designed to perform the function of providing a representative anatomical 
description. 

7 



THE ANATOMY AND DC CHARACTERISTICS 

From l i t e r a t u r e  search, i t  was rea l ized  t h a t  apparently only Green 
(1) had attempted t o  assemble an anatomical descr ipt ion i n t o  a coordinated 
whole, t h a t  h i s  data  simply scaled Mall's 1887 measurements on one mesentric 
a r te ry ,  and t h a t  very f e w  other  invest igators  had ever been s imi la r ly  involved. 

Based on considerable search, data  have been assembled f o r  a more cer- 
t a i n  anatomical summary from the work of th ree  invest igators ,  Pa te l  (16), 
Mall 's post-1887 s tudies  (17), and Suwa (18). 

Patel  e t  a 1  reported on geometric data i n  the dog aor ta  and large ar- 
t e r i e s .  
dogs, both l i v i n g  and dead, corrected t o  the l iv ing  s t a t e ;  whereas data  i n  
a t l a s e s  a r e  general ly  based on post-mortem sources. 
they indicated an aor ta  entrance area of 2.2 cm2 and about 29 'major' a r t e r i e s  
whose t o t a i  entrance area i s  about 3 . 4  cmL. 
cross-sectional area of the cardiovascular system does not change much from 
the aorta  t o  the major a r t e r i e s .  
(17). "Thoma made many measurements of arteries and t h e i r  branches and tab- 
ulated Bencke's measurements of the aor ta  with i t s  branches. These measure- 
ments show t h a t  the area of a l l  of the branches of the aorta  equals about the 
area of the ascending aor ta  being a l i t t l e  less before the t h i r t i e t h  year of 
age and a l i t t l e  grea te r  thereaf te r  . . . I '  

Most s ign i f icant ly ,  the data were derived from the averages of many 

Averaged f o r  23 kg dogs, 

It may be surmised t h a t  the 

The same conclusion was stressed by Mall 

From Altman (20), the cardiac output f o r  a 23 kg dog may be estimated 
as  nearly 50 cc/sec a t  rest (or 200 cc/sec a t  high a c t i v i t y ) .  
i t y  i n  the aor ta  i s  thus about 15-20 cm/sec a t  rest (or about 60-70 cm/sec a t  
high a c t i v i t y ) .  This a l so  seems t o  be the correct  magnitude of mean ve loc i ty  
i n  the ascending aor ta  i n  other  species including humans. (For example, i n  
the human a t  rest, a cardiac output of 120 cc/sec with an in te rna l  diameter 
of 2.7 cm f o r  the aor ta  gives about 20 cm/sec). The present geometric con- 
cern i s  with cross-sectional area,  not velocity,  which depends on a c t i v i t y  
level .  

The mean veloc- 

However, i t  i s  necessary t o  point out the need f o r  consistency. 

Thus i t  appears t h a t  the f i r s t  two l ines  of Green's tab le  a r e  inconsis- 
The burden e x i s t s  t o  propose a more nearly t e n t  regarding ve loc i ty  and area. 

correct  t ab le .  The source data are  assembled i n  Figure 2 based on: 

1. The Patel  data - aorta  and main a r t e r y  s i z e s  i n  l iv ing  23 kg 
dogs. 

2. The post-1887 Mall data - based on c a s t  counts from 5 circula-  
t ions i n  a 6 kg dog - i n t e s t i n e ,  stomach, adrenal, spleen, l i v e r .  

9 



3. The 1963 Suwa data - based on cast counts from 7 circulations 
in humans - kidney, intestine, femoral, pancreas, heart, cortex, basal ganglia. 
(It is noteworthy that Suwa's geometric studies stem from his interests as a 
pathologist of the cardiovascular system.) 

a 

Figure 2 exhibits level area versus level diameter range. 
data on the aorta, the values chosen were a maximum entrance diameter of 20 
mm; a minimum exit diameter of 7 mm, and an entrance area of 3.2 cm2. 
major arteries, a maximum diameter of 11 mm was estimated, a probable minimum 
exit of 2 nun, and a similar area of 3.4 cm2. 

From Patel's 

For 

Mall's data, taken on a 6 kg dog, can be scaled up to Patel's 23 kg dog 
data by increasing cross-sectional area by a factor of 4 .  This may be specif- 
ically justified by comparing cross-sectional area data on those arteries that 
are reported in conunon. 

Unfortunately, while Mall's data provide the most extensive arterial 
count found, it only covered 30% of the high pressure arterial circulation. 
In utilizing his data, it was preferred to regard each circulation (including 
the one Green used) as an independent fractional estimate of the entire cir- 
culation. 
associated throughout the system. Thus Mall's data are scaled, for each major 
artery that he lists, to fit the Pate1 data. 
can reasonably infer that the cross-sectional area doesn't change much until 
arterial diameters of the order of 1/2 mm are reached, then an approximate 
uniform proliferation rate per level for arterial sizes down to about 20-30 
micron, and then a large proliferation in area down to capillary sizes of the 
order of 8 micron. 

This would be valid if mean velocity and diameter were uniformly 

The scatter is large, but one 

Suwa's results can be summarized algebraically. Let do = an entrance 
diameter and d1,2.. = branching diameters. 
were constant 

If the area after every branching 

+ d22 + ... 2 2 d = dl 
0 

Instead Suwa showed that at every branching 

2.7 + ... 2.7 
+ d2 = dl 2.7 

0 
d 

This result was also obtained earlier by Groat (19). 
that the area at every level is nearly proportional to l/d0*7. 
plotted in the figure. 
Mall's, and Suwa's data are consistent and they now permit the necessary 
amendment of Green's table. 
the 25 to 1000 micron diameter range seems to agree with data derived by Mall 
from a dog. For larger size tubes, the area doesn't change much. For the one 
or two levels below 25 micron the area proliferates more rapidly. 
finds three anatomical regions. 

One can then estimate 
This line is 

The approximate agreement may be noted. Thus, Patel's, 

The Suwa 2.7 power law derived from humans in 

Thus one 

10 



A substantive question is: What constitutes a level? In the present 
view, Suwa's data destroy the idea that levels intrinsically exist as specif- 
ically sized entities, since he showed an essentially continuous distribution 
of diameters. While the basis for anatomical levels of subdivision in the 
tree has not been reviewed here, clearly they have been associated with size, 
distinctness, uniqueness, and function. The aorta and major arterial branches 
form two distinct levels. The system ends in capillaries which are said to be 
fairly uniform in diameter and near 10 micron in mammals. 
that Mall lists capillaries down to 3 micron, as does Wiedemann (23), and it 
is common in the microcirculation literature to find capillaries described up 
to 20 micron. 

b 

Yet one may note 

These three levels appear certain. Obviously, the anatomist success- 
fully follows secondary branches from the major arterial branches. However, 
as one aorta becomes 20 main branches, with many variants even in a given 
species, and becomes hundreds of branches in the next few levels, the diffi- 
culty increases. At the microcirculation end, the distinctions among arter- 
ioles, terminal arterioles, small arteries also become difficult. Thus it is 
five 'Levels of division that appear certain and up to thirteen levels have 
been discussed in the literature. 

Yet Suwa shows, in plots of segment length versus diameter in different 
circulations, that the diameter range is essentially continuously distributed 
over his experimental range of 20 to 4000 micron, and Patel's data, covering 
diameters from 2 to 20 mm, is also consistent with an essentially continuous 
diameter variable. What then is a level? 

It is the present opinion that the concept of level is an intrinsic 
I concomitant of the act of branching. A level may be associated with a tube 

as long as one can retain the view of a 'main' tube. As smaller tubes are 
shed from view, one can continue to pursue the main tube. 
there arises a bifurcation into nearly equal tubes. 
level ends. What seems really intrinsic to the concept of 'level' is the 
number of significant branchings that take place before an equal bifurcation 
occurs. 

However, ultimately 
Then the concept of that 

On this basis one can assign some kind of estimate to the number of 
levels. Taking some common numbers regarding capillaries, say one capillary 
segment of about 100 micron length associated with a region of about 30 mi- 
cron diameter, this represents about 3 x capillary segments in a 23 kg 
dog (i.e., one computes 3 x 1011 segments of tissue 30 micron in diameter and 
100 micron long in a 23 kg dog if near water density is assumed. One way to 
assess whether the capillary number is reasonable is to compute the internal 
volume as 8 micron capillaries. 
extreme shock - the open capillaries will hold substantially all the blood. 
A 23 kg dog has about 2200 cc of blood, from Altman (20) who presents an aver- 
age of about 95 cc/kg for dogs. 
and 100 micron length has a volume of about 1600 cc). 

A connnon view is that in complete dilation - 
3 x 1OI1 capillaries of 8 micron diameter 

11 



11 Nm= 3 x 10 

re 

N = no. branchings per level 

m = no. of levels. 

This leads to the estimate in column (a) of the following table: 

No. branchings 
per level 

2 

4 

6 

8 

10 

15 
20 
30 

40 

Estimated number of levels 

(a) 

38 

19 
15 
13 

11-112 

10 

9 
8 

7 

32 

16 

12-112 
11 

10 

8-112 

7-112 
6-112 

6 

(c) 

30 

15 
12 

10 

9 
8 

7 
6 
6 

This overestimates the number of levels because the terminal arteriolar 
istor serves more than one capillary. One can estimate a lesser number of 

first branch capillaries from the cardiac output and the nominal velocity. 
Assuming total flows in the range 50-200 cc/sec (resting to active), average 
capillary velocity of about 0.07 cm/sec, and an average capillary diameter of 
8 micron, the number of series-parallel capillary systems that are served 
range from about 1.4 to 5.6 x l o9  (i.e., numbers agreeing with Green's esti- 
mate). These differ from the geometric number by about a factor of 60 to 240. 
The discrepancy is accounted for by the fact that on the average not all of 
the capillaries are open at any one time and, in fact, only a small percentage 
are open. (An estimate of the number open varies in different circulations 
from about a factor of two in rest to maximum activity in muscles, to about a 
factor of 200 in the skin circulation from highly vasoconstricted to highly 
vasodilated. The present average estimate is valid to within an order of mag- 
nitude.) Then, approximately 

9 Nm= 1.4 - 5.6 x 10 
These lead to estimates (c) and (b), also shown in the table. 

Suwa's length to diameter data provided assurance that the number of 
branchings is certainly at least 5 (for the same diameter, he shows a scatter 
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of length t o  d iameter  on the average of about 5 t o  1). 
showed t h a t  8 branchings a r e  common and 20 t o  30 a r e  not  excluded. 
number of leve ls  i s  probably i n  the 7-12 range. (Therefore, i n  addi t ion t o  
any anatomical reasons, geometry a l so  helps c rea te  a 'reason' f o r  f inding 
anatomical levels . )  

More t o  the point ,  he 
Thus, the 

One may choose, a r b i t r a r i l y  a t  t h i s  t i m e ,  e i t h e r  a branching o r  a leve l  
number. 
levels ,  i n  which the diameter range associated with each l e v e l  i s  divided i n  
approximately equal r a t i o s .  From P a t e l ' s  data,  it i s  estimated t h a t  a diam- 
eter range of about 2-3 t o  1 i s  appropriate t o  a level .  
subdivision t h a t  has a l s o  qui te  plausibly been derived from Mall 's data .  

A t  present it appears t h a t  the greatest  coherence l ies  near 10-11 

It i s  t h i s  type of 

With these data,  one may now attempt t o  construct a model of the t o t a l  
res i s tance  i n  the  system. 

For each level ,  Poiseui l le  flow gives 

The fac tor ,  1/(1 + 6/d)2, the Fahraeus-Lindqvist correction, i s  a vis- 
c o s i t y  correct ion f o r  red blood cell  flow i n  small tubes - (d i n  micron). 
References and discussion jus t i fy ing  t h i s  correct ion a r e  given i n  (l), (18), 
and Ruch and Fulton. 

opi = 3 2 ~  4 4 R  
nNd d 

1 

(1 +$,.I 
Summed over leve ls  

a 2  1 
2 * . *  ap = 32PQ[3 (1 +%>' t- A 2 d t  (1 + k )  

13 



Ap = pressure drop 
q = flow in a single tube 

Q = total flow 

N = number of parallel tubes in a level 

R = tube length at a level 

d = tube diameter at a level 

CI = viscosity 

R = resistance (= Ap/Q) 

Suwa also indicated that for any level in the 20-4000 micron range the 
ratio R/d tends to be constant. 
will likely branch within 3 diameters and probably will have had appreciable 
side branchings within 15 diameters. Patel's data on the aorta indicated a 
20 to 1 length to entrance diameter ratio. From this, from the lack of much 
tapering in small tube sizes below the 100 micron level as seen in Bloch's 
data (21), and from the extremes of Suwa's data, one may estimate that a level 
may extend to the order of 20 to 30 diameters before a nearly equal bifurca- 
tion. This is consistent with the estimate of number of branchings per level 
that about 7-10 branchings would indicate about 9-12 levels, and check reason- 
ably the findings by Mall of 10-11 levels. 
reasonable guess. 
geometric factors as follows: 

Actually, he showed that an arterial segment 

Thus l/d = 25 f 5 is not an un- 
Then a resistance function may be constructed solely from 

If one assumes, for the 23 kg dog, 

Ap = 110 mm Hg (= .15 x lo6 dynes/cm2) 
Q = 50 cm3/sec (at rest) 

A/d = 25 

p = .035 poise (gr/cm sec) 

14 



+ ... 1 1 + 
Aldl (1 + -&- A2d2 (1 + <- 3 105/cm = 

In Table 2, derived from Figure 2, an estimate is made of the 1/Ad sums 
of 109/cm3 which is the correct order of magnitude. 

Notes on the construction of the table 

The number of levels - 11 - was assigned a priori. 
The entrance and exit diameter and area for the aorta - level 1 - were 
taken from (16), as were the entrance diameter range and total area for 
level 2. 

The average entrame  rea fcr a l l  levels, 2 and beyond, were estimated 
from the prior exit area by the Groat-Suwa bifurcation rule don = 2dln, 
from which A1 = 2-2/n A2. 
n = large, A1 = A2. The average entrance diameter was then computed from 
the average entrance area. 

If n = 2, A 1  = A2/2; n = 2.7, A1 = A2/1.67; 

The total diameter range in Figure 2 was divided into 11 overlapping 
ranges, taking into account the known ranges of level 1 and 2 from (16) 
and the likely range of the last capillary level (i.e., diameter ranges 
of about 4 to 1 were selected). 

These diameter ranges were assumed to be both the entrance diameter 
range, and each lower bound was considered to be the exit diameter. The 
exit area was computed from this diameter. 

The total area was then estimated from Figure 2, essentially for the 
value of average entrance diameter. (From Suwa, one estimates 
A, Q 1/n00J). 

For the viscosity correction 6/D0 in the resistance column, Do is in 
micron. This column represents the contributions at each level to the 
resistance function R/321-~(1/d). I-L = 0.035 poise, R/d = 25. 

The capillary area is simply a fictitious value. 

For a meaningful completion of the table with some consistency for capil- 
laries, it is necessary to make use of the experimental data in small 
sized tubes, which is limited. 
consistency among data on the frog and mammals from Landis, Wiederhielm, 
Rappaport, and Intaglietta. (The frog data are not pertinent. They are 
simply given as a parallel guide to qualify the mammalian data). 

At present it might be based on seeking 
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Frog mesentery 

Name or size tube (micron) 
Mean pressure (mm Hg) 1 

Landis Cap. (art. side) Cap. (ven. side) 
(Summary tab le) 11 9 - Hg 

Wiederhielm 260 126 21 26 (cap ent) 24 (cap middle) 22 (cap ex) micron 
30 22 14 14 9 7 - Hg 

1 

Intaglietta 17 (cap ent) 17 way down 19 way down 23 (ex) micron 
s 18 (i!)  ( 1 ; )  6 - Hg 

Summary: Central pressure 30 mm Hg; cap. ent. 16 - +2; cap. ex. 7 22; 
cap. drop 9 = +3. 

Mammal 

Landis 
(summary 
table - human) 

Landis 
(rat, g *P , 
human - summary) 

modal value in caps. av. limits for the 
deviation around mode 

13 8-22 

cap. (art. side) 
27 

cap. (ven. side) 
12-1/2 

16 (cap. ent.) 7 (art. side) 7 (ven. side) 13 (cap. ex.) 
24 24 23 20 Intaglietta (rat) 

Summary: Central pressure 70-100 mmHg; cap. ent. 24 4-4; cap. ex. 16 a; 
cap. drop 8 3. 
across capillaries and 16 mm Hg pressure at the capillary exit into 
the venous side. 

Thus, an apt estimate (quiescent) is 8 mm Hi drop 

The estimate may be compared with the following standard: 
and Taylor, 1961, states "The carotid blood pressure (mean) of the un- 
anesthetized, basal dog approximates 110 mm Hg." From Altman (20) the 
basal flow is about 50 cc/sec. The computed resistance function was 
105 cm-3. 

Gregg in Best 

One may obtain a more consistent view of the capillaries by assuming 
approximate parameters, such as Q = 50 cc/sec, V = 0.07 cm/sec, I/d = 
100/8, d = 0.0008 cm, Ap = 8 mm Hg, N = no. of capillary channels open, 
m = no. of layers of capillary resistances in the series-parallel bed, 
tben 
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2 A = Q/V = 710 cm 

9 - 1.4 x 10 4A 7 10 
nd 2 -  

N = - -  
.785 x .0008 2 -  

6 2 2 -  x 10 x .0008 x 8 x 1.75 
= 27 750 

m =  & f d(l+?) = 32 x .035 x .07 x 100 

10 Total no. (est.) = 33 x 10 

Thus 10 percent (i.e., 3.7/33) of the capillaries are normally open 
(accuracy of calculation is indeterminate). 

(k) A final consistency check is from the probable volumes in the arterial 
tree. 
cc/kg.; or 2200 cc for a 23 kg dog. 
aorta volume is about 2 percent of the blood volume (50 cc); the arterial 
volume 8 percent (175 cc); the arterioles 1 percent (20 cc); and the 
capillaries (quiescent operation) about 5 percent (100 CC). Total 16 
percent (350 cc) . 

From Altman (20), the blood volume for dogs averages about 95 
From Gregg in Best and Taylor; the 

The volume may be computed as follows: In the n = 2 regime, the volume 
is pyramidal, V = 1/3 (Aent + Aex) L = 1/3 (L/D) Dent (Aent + Aex) = 8.3 
Dent (Aent + Aex) M 9.2 Dent Aent (if exit not certain). In the n = 2.7 
regime, really n approximately 3 regime, there is a near tendency to 
preserve volume from level to level. 

For the capillaries Vol = (mN) n/4 D2L. 
segments, 100 micron long, 8 micron is diameter, Vol = 185 cc. 

Thus V = Aent L = 25 Dent Aent. 

Based on the mN = 3.7 x 1010 

If the long logical process is followed by which the estimate is made, 
then one can only marvel at the nominal validity of the estimate. 
proposed is that an estimate or adjustment of peripheral resistance can be 
made with the available data on a purely geometric-anatomical basis. 

All that is 

In summary: the effective cross-sectional area in the tree has not 
changed much out to internal diameters of the order of 1 nun. In the size 
range of human to medium-sized dog, this may be out as far as the first four 
levels in the tree - namely, the aorta, the main arteries, and the main and 
secondary branches. 

The approximate 'length' of every level is about 25 times the diameter. 
Thus there has been little change in cross-sectional area out to within a few 
cm of the arterial termini. Furthermore, there is little mean pressure change 
out to that level. 
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The highest resistance region is the last less than 30 micron diameter, 
approximate 0.6 nun length. 

The concept of an anatomical level has a strong geometric foundation, 
based on the average number of branchings before an equal bifurcation takes 
place, and on the length to diameter ratio before branching. 
concepts are self-consistent with the number of subscriber elements and inter- 
nal volumes. 

All of these 

There is this reason to believe that anatomy, geometry, topology, and 
flow resistance of the arterial tree can be validly modeled, albeit approxi- 
mate, and that it is not one level that dominates the resistance picture. 

To provide some flavor of how this summary paper may be used, two appli- 
cations will be briefly commented upon. 

19 



SOME FURTHER COMMENTS ON THE PULSATILE (AC) FLOW 

This more precise modelling of the DC characteristics permits a review 
of the previous modelling of pulsatile events in the tree (13). It appears 
that the model is reasonably valid for the following reasons: 

Since the cross-sectional area does not change until one is well out 
near the periphery of the system, up to that point, the system may be viewed 
as a tapered porous tube model (that is, through any running length, there is 
an approximate uniform number of branchings which can be replaced by an ef- 
fective tapering area with an effective equivalent branching area that dis- 
tributes into side tubes). 
mission line or wave propagation zone, which, by hydrodynamic reasoning, is 
fairly undamped at the higher frequencies. 

This region may be regarded as the long trans- 

The region in which the area changes markedly is no longer concerned 
with such traveling waves. It was treated (13) as if it consisted only of 
'terminal resistors' of the order of 30 micron in diameter. It now appears 
that there really is a modest terminal impedance region below a few hundred 
micron diameter. That is, in addition to flow resistance, there still re- 
mains some wall elasticity and some storage capacity. This will make some 
moderate changes in the frequency response of the long line, but not much. 
Thus the earlier result presented much of the dominant character of the trans- 
mission line. These terminal impedances are where the resonant energy is 
soaked up in an out-of-phase return of the higher frequency components. 
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SOME COMMENTS ON PERIPHERAL RESISTANCE FOUND CLINICALLY 

Whereas such a table as presented here may give the impression that 
resistance is determined by a fixed geometry for the system, experimental 
data shows that there is considerable variability in both the pressure and 
flow that go to make up the resistance in both clinically normal and abnormal 
individuals. This raises significant questions about the regulation of pres- 
sure and flow in the arterial system. 

Two sources of data have been examined. A Russian paper (22) states, 
"It is now the accepted belief ... that the main hydrodynamic mechanism 
causing a rise in arterial pressure in hypertension is increased resistance 
to the blood flow in the arterioles, resulting from spasm of the latter. An 
indication of this mechanism in hypertension is the increased peripheral re- 
sistance accompanying the disease." 
patients - see Figure 3 - presented as mean pressure versus resistance, and 
mean flow versus resistance, as well as a curve based on normals. They state 
that normal healthy patients show a mean pressure that varies with the one 
fourth root of resistance or flow that varies inversely as the 3/4 power of 
resistance. 

Data are offered on 111 hypertensive 

Such a result for normals was somewhat surprising, although not based 
on any real knowledge about clinical hypertension. A casual impression, con- 
finned by inquiry among some cardiologists and cardiovascular physiologists, 
was that the basis for identifying 'hypertension' was a loss in pressure 
regulation to values higher than normal. 
studies of Master, in Rushmer (4)) normals with mean pressure in a range 80 
to 150 mm Hg, which is a wide range compared to an elementary idea of a near 
constant mean pressure. Also, evoking an exotic law like the fourth root of 
resistance is hardly indicative of understanding of a process. 

Yet these data indicated (as do the 

It is clear that hypertension was indicated as pressure above this nor- 
mal level, but equally surprising was the wide resistance range covered by 
normal and still-functioning systems, "from 900 to 7900 dyne sec/cm5, averag- 
ing 2745 2122 ..." In considering these data carefully, a simple orienting 
hypothesis suggested itself. 

Power from its electrical analogue is proportional in the flow case to 
Pm2/R, or Q2R. Consider plots of lines of constant power consumption shown 

b in the lower graphs. 

What emerges is that the normal curve is likely associated with a given 
A hyper- 

From these data, one would 
power level requirement from the heart rather than with pressure. 
tensive must work at a higher basal power rate. 
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infer that hypertension is not determined by pressure but by power. In fact, 
in an extreme hypertensive, the power level appears to be about 2-3 times the 
normal, and apparently about a 20 percent higher power level than normal is a 
discriminable level of hypertension. 

Thus, it would appear that the characterisitc 'homeostatic' regulation 
of the normal system (at rest) is a near constant power level. These systems 
that are imperfectly regulated deviated from this power level. 
actual functioning resistance range among humans may be quite large, as large 
as 1000-5000 dyne sec/cm5 (i.e., in the units of the table, 30-170 cmo3). 

However the 
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